The rate of nouphosphorylating electron transport (in the absence of ADP and inorganic phosphate) in weD-coupled (ATP/2e-= 0.9-1.1) maize mesophyD choroplasts Is not modulated by external pH (6.5-8.5), low levels of ADP or ATP, or energy transfer inhibitors, e.g. triphenyltin and
Heg ions. In contrast nonphosphorylating electron flow in pea chloroplasts is sensitive to alterations In medium pH, and to the presence of adenine nucleotides and energy transfer inhdbitors in the assay medium Although ATP is without effect on the rate of basal electron transport in maize chloroplasts, steady-state proton uptake is stimulated 3-to 5-fold by low levels of ATP. These results suggest that differences may exist in the manner in which the coupling factor complex controls proton efflux from the intrathylakoid space in Cs and C4 mesophyll chloroplasts.
A number of recent studies have examined the relationship between proton flux through the coupling factor complex (CFo-CF1) and electron flow in chloroplasts (2, 7-11, 24, 25, 27-29) . In C3 mesophyll chloroplasts which have developed a large transmembrane proton concentration gradient, there appears to be a pathway for proton efflux through CFo-CF, that is not coupled to ATP synthesis (8, 11, 17, 19, 24, 27, 28) . This pathway is most prominent at alkaline pH values and is reflected by high rates of nonphosphorylating electron transport (2, 17, 28) . The binding of small amounts of ATP or ADP (5 /M) to CF1 appears to prevent a major part of this leak by altering the conformational state of the coupling factor (8, 17, 24, 27, 28) . Studies of the effects of energy transfer inhibitors, e.g. phlorizin, alkyl tins, Hg2+ ions, etc. on basal electron flow also suggest a role for CFo-CF, in the control of proton leakage from the intrathylakoid space via this pathway (8, 11, 27, 28) . Our aim was to compare the effects of adenine nucleotides and energy transfer inhibitors on the rate of nonphosphorylating electron flow and on proton fluxes in mesophyll chloroplasts isolated from both a C3 plant (pea) and a C4 plant (maize). 1 MATERIALS AND METHODS Pea chloroplasts were isolated from 2-or 3-wk-old pea seedlings (Pisum sativum L. var. Laxton' Progress) grown in a controlled growth facility (5) . Maize seedlings (Zea mays L. var. Pioneer 3535) were grown in a greenhouse in the summer under natural conditions, and in the winter months in the greenhouse with supplemental illumination provided by metal halide lamps. Seedlings were harvested at the 10-to 14-day stage, and only the terminal 4 to 5 cm of second and third leaves were used for chloroplast isolations (3). The leaf tissue was removed, chilled for 30 min in ice water, and then cut into 2-mm sections while submerged under the grinding medium. The medium for homogenization contained 400 mm sorbitol, 50 mM Mops4 (pH 7.4), 10 mM NaCi, 2.5 mm MgCl2, 1 mm MnCl2, 2 mM EDTA, 10 mM DTE, and 0.25% BSA. The chopped leaf sections plus the medium (150 ml) and 2 g of Polyclar AT were then placed in a Plexiglas chamber (5 x 5 x 12 cm). The leaf tissue was homogenized using a Polytron tissue distintegrator (PT-20) for 5 to 6 s at a setting of 5.5. The homogenate was filtered through a combination of 4 layers of cheesecloth and one layer of Miracloth, and the filtrate was centrifuged for 60 s at 500g. The pellet was discarded and the chloroplasts were sedimented by centrifugation (l,500g for 8 min). The chloroplasts were washed once with 40 ml of medium containing 400 mm sorbitol, 50 mm Mops (pH 7.4), 10 mm NaCl, 2.5 mM MgCl2, 1 mm MnCl2, 2 mm EDTA, and 0.5% BSA, and sedimented (l,500g for 8 min). Final suspension was in a small volume of washing medium; Chl was estimated in acetone extracts as described by Amnon (1).
Electron transport was monitored either by following 02 concentration changes polarographically (4) or by measuring ferrocyanide appearance as described by Portis and McCarty (25) . The reaction mixture for assaying electron transport contained 100 mM sorbitol (peas) or 50 mm sorbitol (maize M), 50 mm buffer (Mes at pH 6.5, Mops at pH 7.0 to 7.5 and Tricine at pH 8.0 to 8.5), 20 mM KC1, 5 mM MgCl2, 5 mm K2HPO4, and chloroplasts equivalent to 13 to 22 pg/ml Chl. The acceptor systems employed were: H20 FeCy (1 mM K3Fe(CN)6; H20 -* MV (0.1 mM MV plus 0.5 mM NaN3), DADH2 -* MV (1 mm DAD, 2.5 mm neutralized ascorbate, 4 ,lM DCMU, 0.1 mm MV, 0.5 mm NaN3), and DQH2 -M MV (0.5 mm durohydroquinone, 4 ,U DCMU, 0.1 mM MV, 0.5 mM NaN3)).
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RESULTS
Maize mesophyll (Al) chloroplasts, isolated with the aid of a Polytron tissue distintegrator, exhibit rates of noncycic and cyclic photophosphorylation that are comparable with those observed with pea mesophyll chloroplasts (Fig. 1) . In both pea and maize M chloroplasts maximal coupling (ATP/2e-) is observed at pH 8.0 to 8.5.
The effects of the pH of the medium on rates of nonphosphorylating (-ADP-Pi) and phosphorylating (+ADP+Pi) electron flow (water to MV) in pea and maize M chloroplasts are shown in Figure 2 . The rates of both types of electron transport in pea chloroplasts are strongly influenced by changes in medium pH, whereas with maize M chloroplasts only phosphorylating electron flow is sensitive to external pH. Effects of the pH of the medium on the rate of overall electron transport appear to be closely associated with an effect on the PS I portion of the electron transfer chain (10) . In both pea and maize M chloroplasts, an increase in the pH of the assay medium from 7.5 to 8.1 resulted in higher rates of phosphorylating and nonphosphorylating electron flow with either reduced diaminodurene (DADH2) or durohydroquinone (DQH2) as the PS I electron donor (data not shown).
Nonphosphorylating electron flow in maize M chloroplasts is not sensitive to the presence of 200 pM ATP in the assay medium, whereas electron flow under the same conditions in pea chloroplasts is markedly inhibited (Table I) . Basal electron flow in maize M chloroplasts was also not affected by ADP concentrations up to 1 mm or by including arsenate or phosphate with ATP (data not shown).
The rate of nonphosphorylating electron flow in C3 mesophyll chloroplasts can also be decreased by certain energy transfer inhibitors (2, 8) . For example, Figure 3 shows the effect of triphenyltin chloride on basal electron flow in pea chloroplasts. The inhibitory effect is most pronounced at pH 7.5 to 8.5. At pH 8.1 phosphorylating electron flow in maize M chloroplasts is severely inhibited by 2 gM triphenyltin, 50 /AM DCCD, or 100 pM deoxyphlorizin, whereas nonphosphorylating electron flow is unaffected (data not shown). The combination of an energy transfer inhibitor triphenyltin and ADP (8) was also without effect on the rate of nonphosphorylating electron flow in maize M chloroplasts, whereas the combination inhibited basal electron flow in pea chloroplasts to a greater extent than triphenyltin alone (Table II) .
Nonphosphorylating electron flow in C3-mesophyll chloroplasts can also be modulated by the energy transfer inhibitor HgCl2 (10, 13, 27, 28) . Table III shows that HgCl2, at the 5 ,UM level, stimulates basal electron flow in pea chloroplasts 50 to 70%o. The increase in electron flow induced by Hg2+ ions was not observed either in the presence of an uncoupling agent (10 mm methylamine) or in the presence of triphenyltin (2 gM). HgCl2, at concentrations of up to 10 gm, was without effect on the rate of nonphosphorylating electron transport in maize M chloroplasts. In other experiments, we observed that phosphorylating electron flow in both pea and maize M chloroplasts was substantially inhibited by 5 tLM HgC12 (data not shown).
Inasmuch as we failed to observe an effect of adenine nucleotides on the rate of nonphosphorylating electron flow in maize M chloroplasts, it was of interest to study the effects of ATP on the extent of steady-state proton uptake. A number of workers have correlated inhibition of basal electron flow by ATP or ADP with an increase in the extent of proton uptake in the steady state (5, 8, 17) . Although ATP did not alter the rate of basal electron flow in maize M chloroplasts, the extent ofproton uptake was increased 3-to 5-fold (Table IV) . The ATP-induced increase was also observed in the presence of 0.2 mm deoxphlorizin, which was 21 and 19 ,ug/ml Chl, respectively. Phosphorylating electron flow was assayed in the presence of I mM ADP and 5 mM K2HP04. The buffer systems described under "Materials and Methods" were employed. added to trevent any possibility of inward proton translocation due to Mg +-ATPase activity.
Nucleotide interaction with CF1 can also be monitored by exaiining the effect of the nucleotide on the development of the irreversible NEM inhibition of photophosphorylation (14-16, 18, 20, 29) . (Table VI) . Both pea and maize thylakoids were capable of releasing ADP from prelabeled membranes in a light-mediated process (26) that was sensitive to uncoupling agents and insensitive to energy transfer inhibitors (data not shown).
DISCUSSION
A strong correlation exists between the rate of proton efflux from the intrathylakoid space of C3 mesophyll chloroplasts and the rate of overall electron flow. There appear to be three different pathways for the efflux of protons (Fig. 4) : (a) passive diffusion through the membrane; (b) efflux through the CFo -CF1 complex in a reaction that is coupled to the synthesis of ATP from ADP and Pi; and (c) efflux through the CFo-CF1 complex via a pathway that is not coupled to ATP synthesis. By examining the effects of low levels of ATP on the internal proton concentration in spinach chloroplasts at both pH 7 and at pH 8, Portis et al. (24) came to the conclusion that leakage via pathway No. 3 increases as the medium pH rises. This increase in proton leakage via aUnpublshed experiments of A. Grebanier. pathway No. 3 was presumably associated with a change in the conformation of CF1 that could be partly reversed in the presence of ATP. The ability of triphenyltin to reverse a Hg2+-induced increase in the rate of proton efflux (reflected by an increase in the rate of nonphosphorylating electron flow) led Underwood and Gould (1 1, 27, 28) to conclude that interaction of triphenyltin with CFo was associated with a decrease in proton leakage via pathway No. 3. The DCCD-induced reversal of the increase in the rate of proton leakage in 0-phenylenedimaleimide-treated spinach chloroplasts is also consistent with an increase in proton flux via pathway No. 3 (19) .
Using pea (C3) mesophyll chloroplasts we observed that nonphosphorylating electron flow is increased as the pH of the medium is raised from 6.5 to 8.5, and that this increase is sensitive to both small amounts of ATP (or ADP) and alkyl tins. In addition, we have observed that triphenyltin will reverse the Hg2+-Plant Physiol. Vol. 68, 1981 induced stimulation in basal electron flow in pea chloroplasts. In maize M chloroplasts nonphosphorylating electron flow, in contrast, is not modulated by medium pH, low levels of adenine nucleotides, alkyl tins, or Hg2' ions. These observations suggest that pathway No. 3 is operative in pea chloroplasts, but may not be operative in maize M chloroplasts. Control of proton efflux via pathway No. 3 appears to be regulated by the gamma subunit of CF1 (14, 19) . Perhaps in maize M chloroplasts interaction of CF1 with CFo via the gamma subunit results in a tighter junction with a smaller degree of nonspecific proton leakage.
Although the effect of the pH of the medium on the rate of nonphosphorylating electron flow cannot be measured directly under phosphorylating conditions, McCarty and Portis (19) have developed a theoretical treatment which permits one to estimate the contribution of nonphosphorylating electron flow to the rate of overall electron flow. Using their method of analysis, we have determined that in pea chloroplasts as the medium pH is raised from 6.5 to 8.5 the rate of both nonphosphorylating and phosphorylating electron flow increase. The rate of phosphorylating electron flow increases to a greater extent, and thus the coupling efficiency increases (Table VII) . With maize M chloroplasts as the pH of the medium is raised from 6.5 to 8.5, the rate of phosphorylating electron flow increases, but the rate of nonphosphorylating electron flow decreases. The increase in coupling efficiency in maize M chloroplasts results from a combination of a smaller increase in the rate of phosphorylating electron flow (compared with pea chloroplasts) concomitant with a decrease in the rate of nonphosphorylating electron flow. This analysis points up another difference in the coupling of electron and proton movements in maize M chloroplasts compared with pea chloroplasts.
McCarty and Co-workers (19, 24) have correlated the inhibitory effect of ATP on nonphosphorylating electron flow in spinach chloroplasts with an increase in the steady-state extent of proton uptake. Because this effect is most prominent at pH values above 7.5, it has been inferred that the ATP-induced alterations in the conformation of CF1 primarily affect proton leakage via pathway No. 3. Although we failed to observe a decrease in the rate of basal electron transport in maize M chloroplasts in the presence of ATP, we did observe a large increase in the extent of proton uptake (Table VII) , and a decrease in the rate of passive proton efflux (Cole and Cohen, unpublished) . If the ATP-induced increase in proton uptake in maize M chloroplasts is leading to a "true" increase in the internal proton concentration, this increase is apparently not correlated with a change in the rate of nonphosphorylating electron flow.
During the initial stages of this investigation, we assumed that the absence of ATP (or ADP) effects on basal electron flow in maize M chloroplasts might be correlated with a failure of the nucleotides to interact with coupling factor. Subsequent studies indicated that ATP could alter the extent of proton uptake in maize M chloroplasts and that maize M chloroplasts were capable of exchanging labeled ADP in an energy-dependent manner. A notable exception with regard to nucleotide-CF1 interactions in maize M chloroplasts was the failure of adenine nucleotides to prevent partially the irreversible NEM inhibition of photophosphorylation. In both spinach and pea chloroplasts significant protection against the NEM inhibition is observed when 1 to 5 /LM ATP or ADP is included in the preillumination stage with NEM (5, 6, 20) . Some additional protection is afforded when either arsenate or phosphate is included with the adenine nucleotide. In maize M chloroplasts, addition of nucleotides in the absence of phosphate or arsenate did not prevent the NEM inhibition. Inclusion of either phosphate or arsenate with the ATP did offer significant protection in maize M chloroplasts. The decrease in the level of NEM inhibition in the presence of adenine nucleotides has been correlated with a change in the conformation of the coupling factor protein when the nucleotide binds to a noncatalytic site on the a-subunit of the enzyme (15, 16, 22) . The modified conformation in the presence of the nucleotide apparently alters accessibility of the sulfhydryl reagent to a critical residue on the y-subunit of the protein. The presence of an arsenate or phosphate at the fl-subunit may further decrease the accessibility of NEM to the y-subunit. With maize M chloroplasts, a change in conformation of CF1 may require the presence of an adenine nucleotide on the a-subunit as well as a phosphate or arsenate at the fl-subunit. Although it is tempting to assume that effects observed with low concentrations of adenine nucleotides in electron transport studies, in proton uptake studies, and in protection experiments have in common an interaction of the nucleotide with a non-catalytic subunit of the coupling factor, our data with maize M chloroplasts and some of the data of McCarty and coworkers (14-16) appear to be consistent with a more complex set of interactions.
